The inaccuracy of the geoelectric structure model is the main reason for the low accuracy of the evaluation of the impact of the ground-return current (GRC) of ultra-high voltage direct current (UHVDC) on the AC power grid. Given insufficient raw data of soil resistivity, the Kriging method combined with the original data of magnetotelluric sounding (MT) is proposed to predict the soil resistivity in the unknown area and form the Kriging soil electrical structure model. In view of the high cost and slow speed of large-scale earth surface potential (ESP) calculation, it is proposed to separate the small-scale resistivity mutation region in the Kriging soil electrical structure model from the large-scale model, and use the Dirichlet Neumann (DN) iterative algorithm to calculate the ESP in parallel for multiple sub-regions. Based on the measured data of the bias current of each substation around the Zhalute grounding electrode of ± 800 kV Zhalute-Qingzhou UHVDC transmission project, it is proved that the accuracy of using the data obtained by Kriging method to establish the soil electrical structure model.
I. INTRODUCTION
Ultra-high voltage direct current (UHVDC) was first built in China, with the maximum rated working current of 6250 A [1] . Compared with the early high voltage direct current (HVDC), the ground-return current (GRC) is larger and the influence range is wider when the UHVDC system works in monopolar operation mode with ground return, resulting in more DC bias events in the transformer near the AC station [2] - [4] . During the debugging of ± 800kV Shanghaimiao Shandong UHVDC project at 6250 A working current, the DC biasing current (DCBC) monitored at the neutral point of the 2# main transformer in Changle station is up to 326 A; during the debugging of ± 800kV Xiluodu-Zhexi UHVDC project at 5000 A working current, the DCBC monitored at the neutral point of the transformer in Jinhua converter station is up to 210 A [5] . In some other countries, such as Norway, Canada, India and New Zealand, similar events of DC bias of AC station transformer near the DC The associate editor coordinating the review of this manuscript and approving it for publication was Giambattista Gruosso . transmission grounding electrode have been found [6] - [9] . China State Grid Corporation invested a large amount of funds for treatment and installed DC isolation devices to control DCBC at the neutral point of the transformer in the AC plant near the grounding electrode. However, the treatment effect is not obvious owing to the inaccurate risk assessment of DC bias. There are two main reasons for the inaccuracy of DC bias evaluation. First, the soil resistivity is inaccurate and the geoelectric structural model is too simplified to be inconsistent with the actual situation, resulting in inaccurate calculation of the surface potential (ESP) of the neutral point of the AC power plant transformer. Second, the range of GRC influence is large, the traditional algorithm for calculating ESP is too slow, and the calculation cost is too high. Therefore, there is thereby an urgent need but it is still a significant challenge to establish a more realistic earth electrical structural model and improve the ESP algorithm to evaluate DC bias.
It is generally accepted that geoelectric structure model is the decisive factor for the ESP. At present, the geoelectric structure model is divided into horizontal multi-layer VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ model [10] - [15] , composite structure model [16] - [18] and special model. Reference [10] calculated the influence of horizontal multi-layer soil on the distribution of DC current in AC network. In the process of building the model, only the soil resistivity at the depth of 20 km is studied, which is not enough to be equivalent to the earth resistivity at both ends of DC transmission. It is worthwhile mentioning that the layered data of the earth resistivity mainly comes from the typical earth resistivity parameters, not the measured data in the near area of the grounding electrode. In addition, although the distribution of ESP can be calculated and the distribution of DCBC in the substation around the grounding electrode can be predicted by selecting the equivalent AC network and horizontal multi-layer model near the electrode site, it does not explain that some transformers far from the grounding electrode are more seriously affected by DC bias than those around the grounding electrode [19] Reference [17] , [18] divides the large-scale complex electrical structure into several horizontal multi-layer models and then solves the electric field distribution by the superposition method. This method does not consider the influence of the possible conductivity abrupt region on the ground electric field. In reality, the electrical structure of the soil cannot be simply regarded as a combination of several horizontal multi-layer models. As in previous studies, reference [17] , [18] established the geoelectric structural model to still use the typical soil resistivity, which is not the measured georesistivity in the area near the earth electrode. Although the composite structure model is closer to reality than the horizontal multi-layer model, it still has a great deviation from the actual situation. Magnetotelluric Sounding (MT) is a geophysical exploration method proposed by the former Soviet scholar Tikhonov in the early 1950s to study the electrical structure of the earth using natural electromagnetic fields. MT uses the skin effect of electromagnetic induction, that is, the high-frequency electromagnetic field penetrates shallowly, the low-frequency electromagnetic field penetrates deep, and the frequency of the electromagnetic field is changed to achieve the purpose of measuring soil resistivity at different depths under the condition that the field source and the receiving point are not changed [20] Reference [21] used the measured data of the MT section near the Hami grounding electrode in ± 800kV Tian-Zhong UHVDC project to construct a special model. However, the two-dimensional (2D) MT section can only reflect the geoelectric structure near the survey line, and can not reflect whether there is a sudden change area in the unknown area between the sections, especially when the MT section is far away, the direct extension section to establish the three-dimensional (3D) geoelectric structure model can not reflect the real soil resistivity and structure. Kriging method in geostatistics is often used to predict soil metal element content [22] , water resources [23] and precipitation [24] . However, there are few literatures at home and abroad using this method to study the geoelectric structure model. After establishing the geoelectric structure model, ESP needs to be calculated. For large-scale ESP calculation, the most commonly used numerical algorithms are the boundary element method (BEM) [25] , [26] , charge simulation method (CSM) [27] and the classical finite element method (FEM) [28] , [29] . The first two methods (BEM and CSM) have the advantage of being able to calculate ESP in homogeneous soil or discontinuous soil conductivity but parallel boundary.
It is important to highlight that these methods are unable to calculate the ESP when considering multi-layered soils with nonparallel conductive discontinuity boundaries. Different from the former two methods, the FEM based on differential method can easily overcome these defects. However, the disadvantage of the classical FEM is that the whole solution domain needs to be discretized. The size of the whole earth structure model is 400km × 400km × 300km [21] . The discretization of such a huge solution domain will form a huge matrix structure. In this large-scale model, there is a smallscale resistivity mutation region. Adaptive mesh generation is adopted in the finite element method, and the mesh size is required to be smaller than the minimum element in the model, so the number of mesh elements reaches 10 6 -10 8 The required storage space is large and the calculation cost is too high.
In this paper, it is found that the spatial variability of earth resistivity is affected by both structural and random factors, which meet the requirements of the Kriging method. So we look for the MT section color map measured in the range of 400km × 400km × 300km in the near area of the grounding electrode, use the grid to split the MT section color map to extract the original data of the earth resistivity of the nodes, and then use Kriging method to predict the resistivity data of the unknown nodes between the MT sections, so we get a large number of scattered point resistivity data in the range of 400km × 400km × 300km Then using image segmentation technology, scatter points with small resistivity differences are surrounded by the same block to form the Kriging geoelectric structure model with different sizes and shape blocks. Considering that there is a fast mutation area of smallscale resistivity, this paper uses the DN iterative method to solve the multi-scale model. Specifically, we separate the mutation area of smallscale resistivity from the large-scale block and use the finite element method to solve each sub-region independently. Taking the potential on the virtual boundary generated by DN iterative method as the iterative variable, the UHVDC ground-return current field problem is finally converted into a linear equation group. In this paper, the Kriging geoelectric structure model and the model proposed in [21] are used to establish the geoelectric structure model of the Zhalute grounding electrode of the ±800kV Zha-Qing UHVDC project and calculate the ESP. Because the ESP of the transformer's neutral point can not be measured directly, the DCBC is calculated based on the structure of the AC power grid. The DCBC calculated by these two models is compared with the measured value in the project to check which geoelectric structure model has higher accuracy.
II. NUMERICAL METHODS
The whole model is separated and the boundaries are separated as virtual boundaries the unknown variables in each sub-region are calculated by the virtual boundaries condition and the actual boundaries condition. The virtual boundary conditions are updated and iteratively calculated until the two results of the virtual boundaries are less than the given error, the numerical solution of the whole model can be obtained.
When performing parallel operations, discrete processing is performed on each sub-region and the discrete sub-region information is allocated to different processors. Different processors compute their respective sub-regions, internal nodes, boundary nodes and external nodes on adjacent processors directly connected with boundary nodes to form subregions jointly. For vector product operations of matrices, the exchange of node information is realized by communication between boundary nodes and external nodes on adjacent processors. To ensure the accuracy of the calculation, the calculation and communication are synchronized [30] .
A. DN ITERATIVE ALGORITHM
For inhomogeneous geoelectric structures, the 3D Laplace equation is:
where ∈ R 3 is a bounded open region, is the boundary, ρ(x, y, z) is the georesistivity of inhomogeneous geoelectric structure, D is the boundary operator.
Taking two sub-region as examples, is decomposed into 1 , 2 , and 1 ∪ 2 = , 1 ∩ 2 = 0. Define the boundaries of 1 and 2 as 1 and 2 , then the common interface of the two sub-regions is C = 1 ∩ 2 . Note λ = u| C , then (1) is transformed into a problem on a subregion, as shown in (2) and (3).
where ρ k (x, y, z) is earth resistivity in block k , → n 1 and → n 2 are the external normal unit vectors of the sub region.
For (2), the initial λ 0 is chosen and i = 0 is taken. The Dirichlet problem is solved on 1 , as shown in (4) .
Solve Neumann problem on 2 , as shown in (5) .
Given the relaxation factor ω i , calculate (6) .
Let i = i + 1, update λ iteration formulas (4), (5) and (6) until the error of the iteration solution is less than the given accuracy requirement.
For the non-overlapping multi-sub-region DN iteration method, only the Dirichlet problem in each sub-region is solved first, then the Neumann problem in the sub-region is solved, so that the error of the two iterations is less than the given accuracy requirement.
B. KRIGING AND IDW PRINCIPLE
The inverse distance weighted (IDW) method [31] determines earth resistivity value of the prediction point by calculating the squared value of the reciprocal of the distance between the known MT section point and the prediction points, as in (7):
where λ i is the weight value of the known measuring point; Z (x i ) is earth resistivity value of the MT section measuring point, with units · m; Z (x) is the earth resistivity of the prediction point, with units · m; N represents the number of observed georesistivity points in the selected window during the interpolation process.
where P is the weight coefficient of IDW method, the range of value is 1 ∼ 3 [32] , but most scholars consider that P = 2 can get better experimental results [33] ; d is the distance between the prediction points and the measured points of the earth resistivity, with units km.
For Kriging method, under unbiased condition, it is known from the intrinsic hypothesis that E [(Z (x))] is a constant.
For the condition of minimum variance of estimation, the (11) can be obtained.
The Lagrange multiplier method is used to find the conditional extremum, as shown in (12) .
Further derivation shows that the n+1 order linear Kriging equation system can be obtained as shown in (13):
The spherical variance function (sph) (14) and exponential variance function (E) (15) are used to solve Kriging equations (13) , respectively.
where c is the base value; a is the range, with units km; h is the lag distance ; Z is earth resistivity spatial prediction with units · m
C. CALGORITHMIC VERIFICATION OF DN ITERATIVE ALGORITHM
The classical FEM is limited by computational complexity and can only calculate small-scale computational models [28] At present, there is no literature to extend the georesistivity model to thousands of kilometers away, and smallscale georesistivity abrupt change regions can also be taken into account in the overall calculation model. Considering the multi-scale model consisting of small-scale resistivity catastrophe region and large-scale geodetic model, the DN iteration method is applied to solve the multi-scale model. In the whole region, there are charged bodies with a voltage of 5 V and a length of 3 m, which are 100 m and 50 m away from the left and right boundaries of the whole region, respectively. The size and boundary conditions of the whole region are shown in Fig. 1 .
Subregion 2 is defined as a small-scale resistivity abrupt change region, which is decomposed from the overall model. The remaining part is taken as the other two sub-regions. Each region is modeled independently by the FEM, as shown in Fig. 2 . With the potential on the virtual boundary 1 and 2 generated by DN iteration method as iteration variables, the problem of the GRC field of the UHVDC grounding electrode is finally transformed into a system of linear equations.
When the classical FEM is used to solve the problem, an adaptive mesh is used to divide the whole region, and the potential distribution in the region is shown in Fig. 3 (a) . The parallel operation is performed by the DN iterative method. ω = 0.3 is taken, the Dirichlet problem of each sub-region is solved first, and then the Neumann problem is solved. The iterations are alternated until the error of the two iterations is less than 1%. The potential value of each sub-region is shown in Fig 3. (b), (c) (d).
The comparison and the relative deviation between the DN iteration and the finite element calculation are shown in Fig. 4 . The results of the two calculation methods are very similar to the maximum deviation of the point potential on 1 being 0.0025% and the minimum deviation being 0.001%. The maximum deviation of the point potential on 2 is 0.0024% and the minimum deviation is 0.001%, proving the accuracy of the DN iteration.
To compare the computational cost of the classical FEM and the DN iteration, the overall model size and the sub-region model size were scaled by 0.1, 1 and 100. Table 1 shows the comparison of the time and memory used in the calculation of the two methods. It can be seen that the computational cost of the two algorithms increases with the increase in the size of the model, but the computational cost of the DN iteration method is lower. Therefore, the DN iteration method with parallel operation is more efficient than the classical FEM in calculating the large-scale grounding potential. As such, when calculating a large range of ground potentials, the DN iteration with parallel operation is more efficient than the classical FEM. 
III. KRIGING GEOELECTRIC STRUCTURE MODEL
A. MT SECTION DATA PROCESSING Different colors represent different resistivity in the legend. Firstly, the red, green and blue (RGB) primary color ratios corresponding to different resistivity in the legend are extracted, and then the RGB ratios of MT section grid nodes are extracted and compared with the RGB ratios in the legend one by one. Finally, the RGB of the grid node is transformed into the corresponding georesistivity value.
B. COMPARISON OF IDW AND KRIGING
To determine the optimal prediction method, the accuracy of geodetic space prediction using the IDW and Kriging methods are compared. Seven MT sections of Arukerqin Banner-Weiyuan Fort, Haradaokou-Haicheng, Zalut-Changtu, Keyouzhong Banner-Liaoyuan, Wafangdian-Yingchengzi, Keyouhou Banner-Qian'an and Beipiao-Xishaogen are meshed to extract nodal RGB ratios from which the earth resistivity data are obtained. In the surface of the Keyouzhongqi-Liaoyuan section, 10 points of known resistivity are assumed to be the prediction points. IDW and Kriging methods are then used to predict the ground resistivity of these 10 prediction points, and error analysis is also performed by comparing the predicted and measured results. The results are shown in Table 2 .
The accuracy of the earth resistivity predicted by the Kriging method is higher than that of IDW. This is mainly due to the inaccuracy of the weights set by IDW, which only searches the shortest distance between the prediction point and the measured point for spatial interpolation. Kriging method does not require the potential global trend between the measured points and can be accurately estimated by using local factors, fully considering the distance between the measured points and the spatial relationship between the prediction points and the measured points. This makes the setting of the weight coefficient of the Kriging method more reasonable. According to the error analysis, the maximum absolute error of Kriging is 562, and the relative error is between 0.018 and 0.302, which is significantly smaller than the IDW error. Therefore, this paper uses the Kriging method to calculate the earth resistivity of the unknown region between the MT sections.
C. VALUATION VERIFICATION AND ACCURACY PREDICTION
The accuracy of the model (the error between the measured and predicted value of the earth resistivity) is tested by the cross-validation method. The accuracy prediction indicators used in this paper are: 1) mean error (ME), indicating the unbiasedness of the prediction results, e.g., the closer the value is to 0, the better; 2) root mean square error (RMSE), used to measure the accuracy of the estimation method, e.g, the smaller the value, the better; and 3) standardized root mean square error (RMSDE), e.g, the closer the value is to 1, the better. The value of these tests is less than 1 if the predicted value is larger than the true value.
where Z (x i ) is the measured value of earth resistivity; Z (x oi ) is the predicted value of earth resistivity; n is the number of samples; and σ (x i ) is the square root of the variance at x i .
IV. EXAMPLES A. RAW DATA EXTRACTION AND MESHING
To ensure the accuracy and reduce the amount of calculation, the Arukhorqin Banner-Weiyuan Fort, Haradaokou-Haicheng, Zalut-Changtu, Keyouzhong Banner-Liaoyuan, Wafangdian-Yingchengzi, Keyouhou Banner-Qian'an and Beipiao-Xishaogen MT sections which can be consulted in the near ground electrode region of Zhalute are divided into 100 × 100 vertical grids. Take the MT section of Arukhorqin Banner-Weiyuan Fort as an example, as shown in Fig. 5 (a) . The original data of earth resistivity are extracted by comparing the RGB ratios with the legend. Because of the large amount of data, only 25 nodal resistivity from top to bottom and from left to right in Fig 5. (b) are given, as shown in Table 3 .
B. GEODETIC RESISTIVITY STATISTICAL CHARACTERISTICS
UHVDC GRC has no skin effect, the depth of penetration into the earth will be very deep in theory, and the change of electrical properties and structure of deep earth will also change the current path of grounding current, which will lead to the change of distribution of ESP generated by grounding electrode current. It is found that when the depth of the earth is about 300 km, the GRC decreases to 84.4%, so the depth of the earth model is 300 km [21] . Besides, it is calculated by simulation that the ESP is about zero outside the range of 400 km from the center of the grounding electrode [18] Considering that the convenience of taking points evenly within the range of 400km × 400km × 300km, the geoelectric structure model is layered. In theory, the depth of 300 km can be divided into several layers, and the more the layers, the higher the accuracy. Considering that the accuracy and calculation cost this paper divides the depth level of 300 km into 100 layers, each with a thickness of 3 km. The thickness of each layer has no practical significance. It is only for the convenience of obtaining a large number of nodes in the range of 400km × 400km × 300km with a certain density of meshes. After getting the nodes, these layers are cancelled. Due to space constraints, Table 4 shows only 10 selected layers of statistical data. In this paper, the statistical results of these 10 layers of earth resistivity are illustrated with the five parameters of maximum, minimum, average, standard deviation and coefficient of variation. Among them, the coefficient of variation only reflects the degree of dispersion, and there is no uniform requirement for the classification standard of the coefficient of variation. Therefore, for the 10 layers of georesistivity statistical data shown in this paper, it is stipulated that the coefficient of variation is a weak coefficient of variation at 1.5-1.6, medium coefficient of variation at 1.6-1.9 and strong coefficient of variation at or above 1.9.
The average value of the 35 th layer, which is 1746.5 · m is the largest. The 10 th layer has the smallest average value of earth resistivity of 1256.6 · m. The coefficients of variation in the 21 st , 35 th , 39 th , 54 th and 68 th layers are small, belonging to weak coefficients of variation. The coefficients of variation in the 10 st , 83 th , 95 th and 100 th layers are all moderate coefficients of variation The coefficient of variation in the 1 st layers, which are 1.9617 and 1.661 respectively, belong to strong coefficients of variation.
C. SPATIAL VARIATION CHARACTERISTICS OF EARTH RESISTIVITY
The variogram parameters of earth resistivity from some layers and the fitting accuracy of the model are shown in Table 5 . The data in parentheses are variogram parameters and fitting accuracy when the exponential model is used. By comparing the ME, RMSE and RMSDE of each layer, the spherical model is determined as the optimal variation function of the earth resistivity. Except for 21 st , 35 th and 54 th the gold factor of the layer is between 0.1 and 0.21, while the gold coefficients of the other layers are between 0.75 and 0.85, corresponding to medium-strength spatial correlations. This indicates that the spatial variability of the earth resistivity is shared by both structural factors and random factors which just meets the use conditions of the Kriging method. 
D. KRIGING PREDICTION BETWEEN MT SECTIONS
Kriging is used to predict the georesistivity in the unknown region between MT sections. As shown in Fig. 6 (a) , the vertical plane is MT section, the resistivity between MT sections is unknown region, and the elliptical range is searching neighborhood. To ensure accuracy and reduce the amount of calculation, 100 × 100 horizontal grids are used to divide each horizontal section and MT vertical section. The black points represent the measured points, and the red points are the prediction points. Kriging prediction is carried out to obtain the soil resistivity of each point The actual MT sections location and the Kriging prediction results of the surface layer are shown in Fig. 6 (b) , (c).
E. KRIGING PREDICTIVE DATA PROCESSING AND GEOELECTRIC STRUCTURAL MODELING
The longitude latitude and georesistivity data of all nodes (including original data nodes of MT depth section and horizontal nodes) in Fig. 6 are extracted. The color of each node represents the resistivity value. Using multiple sub-region growth methods, the point with the highest resistivity of each layer, the point with the lowest resistivity and the point equal to the average resistivity of the layer are used as ''seeds'' and the ''growth radius'' is 20 km for image segmentation. In this way, a geoelectric structure model with different block sizes, shapes and thicknesses is formed, which is more in line with the actual situation. Latitudes 42 • N and 45 • N are used as the model's north-south boundary and longitudes 121 • E and 125 • E are used as the model's east-west boundary; Three hundred kilometers below the ground is the lower boundary. The purpose of dividing the 300 km underground into 100 layers is not to establish the multi-layer geoelectric structure model, but to divide each layer with a 100 × 100 mesh to obtain nodes, some of which are nodes with known resistivity on the MT sections. The other part is the node whose electrical resistivity is unknown between the MT sections. The Kriging method is used to predict the soil resistivity of the nodes between the MT sections and then remove these layers, leaving only a large number of scatter points in the area of 400km × 400km × 300km, as shown in Fig. 7(a) . The Kriging geoelectric structure model is established by dividing the block by nodes, as shown in Fig. 7(b) . The special geoelectric structure model (MT sections extension model) formed according to the method of [21] is shown in Fig. 7(c) .
F. CALCULATION OF GROUND POTENTIAL AND DCBC
When the two ends of UHVDC are grounded, the unbalanced current of less than 1% of rated current flows through the ground, which will not affect surrounding equipment. However, in the early stage of construction, to bring benefits into play as soon as possible, usually put one pole into operation first, there will be strong GRC passing through the grounding electrode. At this time, a constant DC field will be formed near the electrode site, accompanied by the rise of ESP and step voltage. If there are facilities such as grounding transformers near the grounding electrode, some of the current will flow through these facilities to the far side and cause adverse effects. The method described in this paper is used to calculate the ESP near the Zhalute grounding electrode of the Zhalute-Qingzhou UHVDC project under 2500 A and 6250 A working conditions. The model proposed in [21] is the most highly accurate geoelectric structural model currently applied in engineering. This model is compared with the Kriging geoelectric model proposed in this paper, as shown in Fig. 8 .
Because ESP can't be measured, so it can't be compared directly, but DCBC can be measured directly in the process of debugging, so to compare the accuracy of the two models, DCBC needs to be calculated in combination with grid structure parameters.
Most of the neutral points of transformers with voltage level 110 kV in China are directly grounded. There will be a certain potential difference between substations located in different positions within the current field of the grounding electrode. DC will enter the AC power grid through the neutral point, and the current flow path is shown in Fig. 9 .
According to the operation mode of the system power grid of State Grid Corporation of China (Northeast Division) in 2017 and details of Northeast power grid equipment in 2017, the power grid model within 200km around the grounding electrode is established. The influence range of grounding electrode potential involves 22 500 kV substations and 60 220 kV substations. About 500 transmission lines are involved, of which the conductor type of 500 kV line is 4 * LGJ-400, and the conductor type of 220 kV line is 2 * LGJ-300. The transformer parameters and line parameters are shown in Table 6 . The influence of staged operation should be taken into account in the establishment of the DC model of sending end power grid.
According to the main electrical wiring of Zhalute converter station provided by Northwest Electric Power Design Institute in Fig. 13 (b) , in addition to the converter transformer, there are two station step-down transformers, two phase-modulated step-up transformers, busbar high voltage shunt reactor and line reactor in the converter station. The step-down transformer and the step-up transformer of the phase converter used in the station are both double winding transformers. The parameters of the converter transformer and reactor are shown in Tables 7, 8 .
The establishment method of the network model is illustrated by 6 AC substations within 30km of the ground electrode site in Zhalute, and the system wiring diagram is shown in Fig.10 . The ring network line is a single 500 kV 4 split conductor with a DC resistance of 0.0187 /km. For the current flowing into the neutral point of the transformer, the line is equivalent to parallel connection, so the total equivalent resistance of the line is (0.0187L/12) , where L is the length of each section of conductor, and the unit is km The equivalent circuit of the AC substation is shown in Fig. 11 , R ij represents the resistance of each conductor resistance, and R i represents the equivalent resistance of the grounding grid of each station. The DC of each transformer in the grounding transformer is calculated by using the potential of each substation of the AC substation and the specific structure of the power grid.
During commissioning, different matching facilities of the UHVDC transmission project will affect the equivalent wiring diagram and measurement results. After consulting with the center of the Mengdong dispatching company, this paper gives the matching line conditions and the neutral point resistance treatment conditions during the three tests. During the actual test, 2500 A and 6250 A GRC shall be injected into the grounding electrode of Zhalute respectively, and the current measuring devices shall be installed at the transformer neutral point of the AC plant near the grounding electrode to measure the DC flowing through the transformer neutral point. The measuring devices are shown in Fig. 12 .
The installation position of DCBC treatment devices is illustrated by a fournode model diagram, as shown in Fig. 13 . Among them, 1, 2, 3 and 4 represent nodes, V i (i = 1, 2, 3, 4) represent ESP calculated from geoelectric structure model R i,j (i, j = 1, 2, 3, 4) represent transmission line resistance,R gi (i, j = 1, 2, 3, 4) represent the equivalent resistance of the transformer winding in series with the neutral point grounding resistance R ssi (i, j = 1, 2, 3, 4) represent equivalent resistance of small resistance treatment device in series connection of neutral point, its value can be zero or non-zero. When it is zero, it means that the station does not have a small resistance treatment device. When it is non-zero, it means that the station is equipped with a small resistance treatment device with the equivalent resistance value of R ssi .
The main electrical wiring of the Zhalute converter station is as shown in Fig.14 and the red font indicates the transformer of DCBC measured by Zhalute converter station in the three tests of Table 9 . The transformers in the Zhalute converter station monitored for the first time include the pole 2 low voltage side (YY) converter transformer, the pole 2 low voltage side (YD) converter transformer, the 500 kV 1#, 2# station step-down transformers, the second test monitoring station transformer include the 500 kV 1#, 2# station step-down transformers and the third test monitoring station transformer includes pole 2 low voltage side converter transformer, 1#, 2# phase-modulated step-up transformers, 1#, 2# station step-down transformers.
During the three times of commissioning, the corresponding matching devices and AC lines near the grounding electrode are as follows:
1) In the first commissioning process, only Zhalute-Horqin three circuits were put into operation in 10 matching projects. No DCBC treatment device was installed in each station, and the GRC was 2500 A. DCBC is positive when it flows underground. The structure of the AC power grid near the grounding electrode is shown in Fig 15. The pink line is the DC transmission line, the red line is the Zhalute-Horqin line matching the first and second commissioning, and the black line is the AC line.
2) The second commissioning process is the same as the first measurement, but the transformers in Zhalute converter station are equipped with 1 DCBC treatment device. During the second commissioning, the structure of the matching line and the AC power grid near the grounding electrode is the same as that of the first commissioning.
3) In the third commissioning process, only three Zhalute-Horqin and two Zhalute-Xiangyang circuits were put into operation in the 10 matching projects, and the grounding electrode current was 6250 A. The transformers in Zhalute converter station are equipped with 1 DCBC treatment device, the bus reactor with 3 DCBC treatment device, and the transformers in Fuhe station with 2 DCBC treatment device. During the third commissioning, the matching line and the AC line near the grounding electrode are shown in Fig. 16 . The red line is the supporting Zhalute-Horqin line and Zhalute-Xiangyang line, and the black line is the AC line.
The DCBC calculated by the MT section extension model and the Kriging geoelectric structure model combined with grid structure parameters is compared with the measured values as shown in Table 9 The diagram of DCBC value and flow direction of substation near the grounding electrode is shown in Fig. 17 .
From the comparison and analysis of the measured values and the calculated values of the two 3D geodetic models, it can be concluded that the Kriging method can be used to predict the georesistivity data of unknown regions between MT sections and to establish a block three-dimensional geoelectric structure model. The DCBC and the measured values calculated by combining the structural parameters of the power grid have a good fitting relationship. It is proved that the Kriging geoelectric structure model is more accurate than the MT section extension model and can be conveniently applied to practical engineering.
V. CONCLUSION
In this paper, a 300 km underground is divided into 100 layers, the MT depth sections color map and horizontal section are divided by a 100 × 100 grid, the MT section nodes georesistivity are extracted as raw data, the Kriging method is used to predict the georesistivity of unknown points between MT sections, and a scattered geoelectric structure is obtained. Next, by using a multiple sub-region growth method, the geoelectric structure of horizontal scattered points is decomposed and superposed to form a 3D regional geoelectric structure model. Finally, the abrupt resistivity region is separated and ESP is calculated by DN iteration. The highlights and conclusions from these steps are outlined below.
1) The known MT color map was divided into grids of a certain size. The earth resistivity values of each point were found by using the RGB ratios extraction technique, which avoids the error from manual extraction and maintains the accuracy of the original data.
2) The DN iterative method was used to calculate the 3D electric field problem, analyze the earth resistivity, separate the regions with an abrupt resistivity change from the overall model, and perform parallel coupling calculations on multiple blocks to improve the computational efficiency. For the calculation and evaluation of the UHVDC transmission project DC grounding electrode, the influence of the AC grid around the electrode site and the calculation of the large-scale ground potential during the geomagnetic storm provide scientific theory and efficient calculation methods.
3) The geoelectric structure modeling process is ''scatterblock-integration''. The Kriging method in geostatistics was used to calculate the unknown earth resistivity of each node in the MT section, and the earth resistivity of each point in the study region is obtained. The scattered geoelectric structure model is transformed into a block geoelectric structure model by using multiple sub-region growth method, which reduces the workload of modeling. The modeling method proposed in reference [21] and the modeling method proposed in this paper are respectively applied to the geoelectric structure modeling of the grounding electrode of ± 80kV ZhaQing UHVDC project, and the DCBC is calculated based on the grid structure near the grounding electrode. Because the DCBC calculated value of Kriging geoelectric structure model is closer to the measured value, we conclude that the Kriging geoelectric structure model is more accurate.
